Abstract. Sources and mobility of arsenic in the upper Salt River (Arizona) were examined using a 6-year long mass balance for nine U.S. Geological Survey chemical monitoring stations, a more spatially intensive low-flow synoptic study, and laboratory leaching studies. An arsenic-rich lacustrine deposit (the Verde Formation) comprised only 4% of the watershed but contributed a third of the total watershed arsenic loading. Export from this part of the watershed was 10-20 times higher than export from most other parts of the watershed. Laboratory experiments confirmed the high As leaching potential for this formation. Although elevated levels of As were found in a geothermal spring and in several mine seeps, these sources of arsenic contributed little to the overall As loading. About 15% of the As loading from the upper Verde River watershed was retained by a two-reservoir system. Sedimentation and chemical precipitation appear to be likely mechanisms of As retention in the reservoirs.
Introduction
Arsenic in drinking water is a concern because it is carcinogenic and causes neurological damage. In the United States the current maximum contaminant level ( 
Methods

Long-Term Arsenic Loadings
Arsenic loadings were determined for 10 U.S. Geological Survey (USGS) water quality stations (Table 1, Figure 1 ). Because chemical loadings varied considerably from year to year, loadings were computed for two common time frames. The period 1986-1992 included sufficient data to develop mass balances for all but two stations (Wet Bottom Creek and the Verde River at Camp Verde). The 1991-1992 period included all 10 stations. As is the case for many monitoring networks, flow data were abundant (daily flows), whereas concentration data were sparse (monthly at best) and probably underrepresented high flows. Under these circumstances, "simple" loading calculations (e.g., flow during interval x concentration at midpoint) are probably biased [Dolan et al., 1981] . To compensate for this problem, we computed loadings at all stations in the unregulated portion of the watersheds using two methods: Beale's ratio method and a flow-concentration regression method [Dolan et al., 1981] To use the regression method, a regression relationship between log (flow) and log (As concentration) was developed for each permanent monitoring station. These regression equations were used to predict daily [As] from daily flow; daily As loading was computed as the product of predicted [As] x daily flow, and annual As loadings were computed as the sum of estimated daily loadings.
Both of these mass balance approaches utilize the additional information embedded in flow measurements that are not accompanied by concentration measurements [Dolan et al., 1981; Baker, 1996] . Details of both approaches as used in this study are discussed by Qureshi [1995] . Areal arsenic export rates (mg m -2 yr -•) were determined by dividing mass loading (kg yr -•) by watershed area.
Low-Flow Synoptic Study
To better target arsenic inputs at a finer spatial resolution than was possible with the USGS network, a low-flow mass balance was developed using data from 40 sites sampled in June and July of 1993. Most perennial streams were sampled, and some were sampled at several points. Additional samples were collected at several nonflowing waters to get additional information on geochemical signatures for various types of waters. Flows were measured at 10 or more sections across the stream channel using a Marsh-McBirney 201D flow meter; these values were integrated to compute total streamflow following Linsley et al. [1986] .
Water samples were filtered on site using Nucleopore filters (0.45 /xm pore size). The filters, filtration unit, and sample bottles were precleaned with either nitric acid (arsenic samples) or distilled, deionized water (DDW) (anion samples). Samples for arsenic analysis were preserved with Ultrex TM HNO3. The mass of arsenic passing a given point was calculated as the product of flow times arsenic concentration. Ancillary water quality data (anions, conductivity, p H) were collected to develop geochemical signatures for various types of waters.
Bartlett Reservoir was sampled to determine vertical profiles for inorganic arsenic species, p H, dissolved oxygen, conductivity, and temperature three times in 1994 and 1995; sulfide was measured on one occasion. Vertical chemical profiles were collected using a Kemmerer sampler. Conductivity, dissolved oxygen, temperature, and p H were measured in the field. Samples for arsenic speciation were analyzed immediately upon return to the lab; sulfide samples were preserved using zinc acetate and NaOH [American Public Health Association (APHA), 1989].
Leaching Experiments
Soil and sediment samples collected from approximately 100 sites throughout the Verde and Salt River watersheds were sieved through a #200 soil sieve (63 mm) to remove coarse particles. Two leaching experiments were conducted using a subset of these samples. In the first experiment 5 g of soil or sediment was added to 45 mL of DDW.
Soil-water slurries were placed on a shaker table for contact times of either 24 hours or 30 days and then filtered for analysis. Results showed that arsenic concentrations in leacheates were similar for the two contact times. In the second experiment, we used water more representative of groundwater in this region, which has an alkalinity --•400 mg L -• as HCO3, by adding NaHCO 3 to DDW. In this experiment, slurry bottles were placed in a rotating chamber designed to ensure better mixing between the soils and the synthetic groundwater, for 24 hours.
Laboratory Analytical Methods
Arsenic was generally measured by graphite furnace atomic adsorption spectroscopy (GFAA) using a Perkin Elmer model 3100 AA with a HGA-600 Graphite Furnace, an AS-60 Au- (Table 2) [Qureshi, 1995] . Log-log regressions were more successful than other transformations (e.g., inverse, log-linear) in meeting All results shown are significant at the 0.05 level.
is that predicted daily concentrations may be negatively biased when there is substantial variance in the log-log regression equation [Helsel and Hirsch, 1992; Ferguson, 1986] . This bias occurs because the antilog conversion yields median rather than mean estimates. The error associated with antilog conversion decreases with decreasing variance [Ferguson, 1986] . In this study, loading estimates from the regression approach were nearly identical to those made using Beale's ratio estimator for all stations having a long-term (1986-1992) record ( Figure 6 ). The similarity in loading estimates by two different methods strongly suggests that loading estimates obtained by the regression method were unbiased. A second potential problem with any long-term loading estimate is that high flows are almost always undersampled relative to their importance in long-term loading. There are two closely related aspects to this problem. First, chemical sampling at high flows is often sparse, making it difficult to establish a meaningful regression relationship between flow and concentration. Fortunately, in this study As concentrations were available across a broad range of flows, minimizing this problem. Furthermore, we observed exponential declines at all of the unregulated stream sites in the study (as illustrated in Figure 5 ), giving us confidence in the functional nature of the relationship. A related problem is that some daily flows are almost always outside the range of flows for which concentrations are measured, and one must invariably extrapolate the regression equation beyond the bounds of the flow data used to generate it to estimate daily loadings for the highest flows. This potential source of error was probably small in our study because As concentrations were measured at nearly the highest (Figure 7) . The same pattern was observed at the other stations [Qureshi, 1995] .
For the Verde River below Bartlett Reservoir (station 09501000) and the Salt River below Stewart Mountain dam (station 09502000) we used both Beale's ratio method and a "simple" loading calculation (loading equals measured concentration times integrated flow between the midpoint of concentration measurements). For these stations, As loadings computed by the simple method and the Beale's ratio method differed by 3.6% and 6.8%, respectively. Arsenic loading from Pinal Creek was computed by Beale's ratio method only. The contribution of As from the mid Verde Valley was computed from inputs and outputs (Table 5) . This region, which comprises only 12% of the upper Salt River watershed Table 4 ). This assumption is reasonable because ( 
Mineralogical Source of Arsenic in the Mid Verde Valley
We did not identify the mineralogical source of leached As from the Verde Formation. Although groundwater [As] is often controlled by adsorption to iron hydroxides, Robertson [1989] reported that arsenic in groundwater from the Verde Formation decreased with increasingp H, the opposite of what would be expected if adsorption on iron hydroxides were controlling solubility. In contrast, arsenic concentrations increased with increasing p H in three other Arizona aquifers, the trend that would be expected if adsorption to iron hydroxides were controlling solubility. Robertson [1989] postulated that arsenic in the Verde Formation may arise from "dissolution of limestones and limey clays" (p. 182) containing arsenate but did not identify a specific mineral source.
Retention of Arsenic in the Verde River Reservoirs
The 1986-1992 mass balance showed that the HorseshoeBartlett Reservoir system was a net As sink (Table 6 ). Fifteen percent of the total arsenic input was retained within the tworeservoir system. A much smaller fraction (1.5%) of the inflow As became increased storage. Net retention of dissolved As was only 1% of upstream input, whereas net retention of particulate As (computed as total As minus dissolved As) was 94% of input. This is similar in magnitude to the 78% retention of suspended matter that occurred during the same period. The observation of high net retention of particulate As and low net retention of dissolved As suggests that simple sedimen- Kuhn et al., 1994] . Our September 26 profiles suggest that some As(V) may be been released from sediments at this time (Figure 9 ). Some dissolved arsenic may also be removed from the water column in Bartlett Lake. One possible mechanism is coprecipitation of As(V) with ferric hydroxide, a well-known phenomenon. However, the inflow to the Horseshoe-Bartlett system is oxic; we presume that both As and Fe were in their oxidized forms and As(V) adsorption was almost certainly at equilibrium with ferric hydroxide. Thus no net removal of As should occur by this mechanism in this environment. This differs from the situation in which inputs of Fe or As are in their reduced forms. In this situation, oxidation of Fe(III) to Fe(V) and As(III) to As(V) would result in formation of iron hydroxides and subsequent scavenging of As(V). This is the situation, for example, in upper Aberjona watershed [Autillo et al., 1994] .
Soluble As could also precipitate as a sulfide. Our data show that As(V) is reduced in to As(III) in the anoxic, sulfidic hypolimnion of Bartlett Reservoir (Figure 9 ). Equilibrium calculations for our July 1994 profile showed that As(III) was oversaturated with respect to orpiment, suggesting that orpiment may be precipitating. This precipitation is kinetically slow (hence the oversaturation) and may not occur at all. Alternatively, arsenic could be precipitated as arsenopyrite under reducing conditions [Seyler and Martin, 1989] . Further analysis of sediments would be needed to evaluate the magnitude of precipitation as a mechanism of net arsenic retention.
Conclusions
Multiple lines of evidence, including long-and short-term mass balances, leaching experiments, geochemical associations, and temporal patterns, show that the Verde Formation was a major contributor to arsenic loading to the upper Salt 
